Spreading depolarizations of long cumulative duration have been implicated in lesion development and progression in patients with stroke and traumatic brain injury. Spreading depolarizations evolve less likely in the aged brain, but it remains to be determined at what age the susceptibility to spreading depolarizations starts to decline, especially in ischemia. Spreading depolarizations were triggered by epidural electric stimulation prior and after ischemia induction in the cortex of 7-30 weeks old anesthetized rats (n ¼ 38). Cerebral ischemia was achieved by occlusion of both common carotid arteries. Spreading depolarization occurrence was confirmed by the acquisition of DC potential and electrocorticogram. Cerebral blood flow variations were recorded by laser-Doppler flowmetry. Dendritic spine density in the cortex was determined in Golgi-COX stained sections. Spreading depolarization initiation required increasingly greater electric charge with older age, a potential outcome of consolidation of cortical connections, indicated by altered dendritic spine distribution. The threshold of spreading depolarization elicitation increased with ischemia in all age groups, which may be caused by tissue acidosis and increased K þ conductance, among other factors. In conclusion, the brain appears to be the most susceptible to spreading depolarizations at adolescent age; therefore, spreading depolarizations may occur in young patients of ischemic or traumatic brain injury at the highest probability.
Introduction
Spreading depolarization (SD) has been implicated in the progressive expansion of primary lesions and neural injury subsequent to the primary insult in patients of subarachnoid hemorrhage, ischemic stroke, and traumatic brain injury. [1] [2] [3] [4] SD is an intense, local depolarization of a critical mass of cells, which propagates to adjacent cell populations in the cerebral gray matter by means of increasing extracellular K þ or glutamate concentration, involving both neuronal somata and dendritic arborizations. 5 The dominating element of the cerebral blood flow (CBF) response following SD in the intact tissue is a remarkable, transient hyperemia; yet in the ischemic brain, the CBF response may undergo a gradual transformation to uncover ruling vasoconstrictive elements. 6 This atypical SD-associated CBF variation during ischemia is believed to aggravate the metabolic supply-demand mismatch in the tissue and is thought to mediate the SD-related expansion of ischemic brain injury. 4, 6, 7 While the incidence of ischemic stroke and subarachnoid hemorrhage steadily increases with age, 8, 9 traumatic brain injury most often occurs among the young, including children, adolescents and, most of all, young adults. 10 Because higher SD frequency or longer total SD duration is thought to usher the progress of brain injury during ischemia, 11, 12 it is of importance to determine which age group is the most susceptible for the evolution of SD. This, in turn, could help to identify a segment of the population being at the highest risk for SD-related injury.
The neonatal nervous tissue appears to be too immature to sustain SD; in the intact rat brain, SD can first be induced experimentally between postnatal days [12] [13] [14] [15] . 13 On the other hand, the aging nervous tissue proves to be increasingly resistant to experimental SD elicitation, requiring rising concentration of K þ to trigger SD. 14, 15 Similarly, the likelihood of spontaneous SD occurrence in the ischemic rat cortex decreases with age. 16 It is, however, uncertain at what age the threshold of SD elicitation starts to rise, especially in ischemic tissue.
It is generally assumed that ischemia-induced SDs impose neurodegeneration by the insufficiency of the associated CBF response, which deprives the tissue at risk of essential nutrients required to maintain the ionic balance across neuronal cell membranes. 6 We have recently demonstrated that the ischemic cerebral cortex of aged rats-in contrast with young adult ones-is excessively prone to the evolution of inverse neurovascular coupling with SD, 15 which is possibly responsible for the intensified expansion of ischemic damage in the aged brain. Yet, it remains to be shown whether the kinetics of the SD-associated CBF response varies during young adulthood.
One of the most obvious features of SD propagation is the transient silencing of spontaneous and evoked synaptic activity, seen as a transient depression of the electrocorticogram (ECoG). 17 We have previously shown that the SD-related ECoG depression is shortened in 10-month-old as compared with 2-month-old rats but its functional significance remained elusive. 18 Taken together, here, we set out to determine the electric threshold of SD elicitation under non-ischemic and ischemic condition in young adult rats of increasing age. We also searched for any link between the threshold of SD elicitation and dendritic structure in the cortex. Further, we aimed to determine any potential variation in the SD-related CBF response in association with the advancing age during young adulthood. Finally, we implemented a detailed spectral analysis of the ECoG to identify the specific frequency bands that may be selectively affected by SD or by the progression of lifetime.
Materials and methods

Surgical procedures
The experimental procedures were approved by the National Food Chain Safety and Animal Health Directorate of Csongra´d county, Hungary. The procedures were performed according to the guidelines of the Scientific Committee of Animal Experimentation of the Hungarian Academy of Sciences (updated Law and Regulations on Animal Protection: 40/2013. (II. 14.) Gov. of Hungary), following the EU Directive 2010/ 63/EU on the protection of animals used for scientific purposes and reported in compliance with the ARRIVE guidelines.
Young adult male Sprague-Dawley rats (n ¼ 38) of increasing age (Table 1) were used in the study. The animals were purchased from the Charles River Laboratories, Hungary, were group-housed under a normal 12/12 h light/dark cycle, and had free access to food and drinking water. On the day of experiments, the animals were anesthetized with 1.5-2% isoflurane in N 2 O:O 2 (70%:30%) and were allowed to breathe spontaneously throughout the experiment. Body temperature was maintained at 37 C with a servo-regulated heating pad. Atropine (0.1%, 0.05 ml) was administered intramuscularly shortly before surgical procedures to avoid the production of airway mucus. A catheter was inserted into the right femoral artery to monitor the mean arterial blood pressure (MABP) continuously and the arterial blood gas levels before the elicitation of the first SD and before termination of the experiment (i.e., anesthetic overdose).
Next, a midline incision was made in the neck and both common carotid arteries were delicately separated from the surrounding tissue, including the vagal nerves. Lidocain (1%) was administered topically before opening each tissue layer. A silicone coated fishing line used as occluder was looped around each artery for later induction of cerebral ischemia. Rats were transferred to a stereotactic frame and fixed in prone position. Two cranial windows ($3 Â 3 mm) 1 mm apart were prepared over the right parietal cortex. The bone was carefully thinned using a dental drill (Technobox, Bien Air 810) and gently peeled away to reveal the dura surface. In the caudal window, a small hole was carefully cut on the dura for the positioning of an intracortical microelectrode and an adjacent laser-Doppler probe positioned above the cortical surface.
Recording of electrophysiological variables
For the concomitant recording of ECoG and slow cortical or direct current (DC) potential, a glass capillary electrode (20 mm outside tip diameter) filled with physiological saline was inserted 800-1000 mm deep into the cerebral cortex at the caudal window. An Ag/ AgCl reference electrode was implanted under the skin of the animal's neck. DC potential and ECoG were recorded via a high input impedance pre-amplifier (NL102G, NeuroLog System, Digitimer Ltd., United Kingdom), connected to a differential amplifier (NL106, NeuroLog System, Digitimer Ltd., United Kingdom) with associated filter and conditioner systems (NL125, NL530, NeuroLog System, Digitimer Ltd., United Kingdom). Potential line frequency noise (50 Hz) was removed by a high quality noise eliminator (HumBug, Quest Scientific Instruments Inc., Canada) without any signal attenuation. The resulting signal was digitalized by an analog/digital (A/D) converter (MP150, Biopac Systems Inc., USA) and continuously acquired at a sampling frequency of 1 kHz using the software ACQKNOWLEDGE 4.2.0 (Biopac Systems Inc., USA).
Monitoring local cerebral blood flow
SD-associated changes in local CBF were recorded using laser-Doppler flowmetry (LDF). A laser Doppler needle probe (Probe 403 connected to PeriFlux 5000; Perimed AB, Sweden) was positioned right above the cortical surface at the penetration site of the glass capillary electrode with a micromanipulator, avoiding any large pial vessels. The signal was digitized and acquired, together with the DC potential and ECoG, essentially as described above.
Ischemia induction and SD elicitation
Following a baseline period of over an hour, persistent incomplete global forebrain ischemia was induced by occluding both common carotid arteries permanently (''2-vessel occlusion,'' 2VO): occluders were pulled on until resistance was felt and then secured in place. Successful ischemia induction was confirmed by a sharp drop of the LDF signal. A concentric bipolar needle electrode (tip size: 40 mm, Neuronelektro´d Kft., Hungary) was placed upon the dura in the rostral window for SD elicitation. It was connected to an opto-coupled stimulus isolator with a constant current output (NL 800, Digitimer Ltd., United Kingdom), a pulse generator (NL301), a with-delay panel (NL405), and a pulse buffer (NL510), which enabled the adjustment of amplitude and duration of the stimuli at will. Stimulation was implemented with a single, cathodal, and rectangular pulse. The charge delivered was quantified as Q½C ¼ I½mA Â t½ms, and it was raised stepwise with an interstimulus interval of 2 min until SD was observed. Whenever necessary, the position of the needle electrode was adjusted to optimize the contact between the electrode tip and the tissue. Successful elicitation of SD was confirmed by a negative DCshift of an amplitude greater than 5 mV acquired by the recording electrode or by the obvious ECoG depression.
Three SDs were elicited during the baseline period, at an inter-SD interval of at least 20 min. Additional three SDs were generated during ischemia, the first triggered 20-min after ischemia onset or after the spontaneous occurrence of an SD event associated with ischemia induction (Figure 1 ). 
Histology
In order to assess whether dendritic spine density changes with advancing age during young adulthood, additional 8-week-old (n ¼ 5) and 30-week-old (n ¼ 5) rats were deeply anesthetized with an overdose of chlorale hydrate (i.p.). The animals were transcardially perfused with ice cold saline, decapitated, and the brains quickly removed. The forebrains were cut in the coronal plane into two pieces of equal size and immersed in Golgi-COX solution mixed of the following stock solutions: (i) 5% potassium dichromate (Molar Chemicals Kft., Hungary), (ii) 5% potassium chromate (Molar Chemicals Kft, Hungary), and (iii) 5% mercuric chloride (VWR International, LLC). 19 The tissue blocks were incubated for 10 days at room temperature, the solution being refreshed every 2-3 days. The brain samples were then transferred to 30% sucrose to be stored for at least 10 days at 4 C. Coronal slices of 200 mm were cut with a vibrating microtome, mounted on gelatin-coated microscopic slides, and stored overnight in a dark humidity chamber. Finally, the staining was developed with 30% ammonium hydroxide followed by Carestream Kodak Fixer (Sigma). Sections were then dehydrated and coverslipped with Eukitt (O. Kindler, Germany).
The stained brain slices were examined by a light microscope (Nikon Eclipse E600). FifteenÀsixteen cortical pyramidal neurons in layer 3 were studied in samples of each animal. Dendritic spine density of second-or third-order dendrites of the proximal apical dendrite was analyzed on a 50-mm-long segment. Serial z stack images of selected dendritic segments were created using a SPOT RT Slider digital camera (1600 Â 1200 dpi in 8 bits) connected to the light microscope (Nikon Eclipse E600) and a computer equipped with an image processing software (Image Pro Plus 4.5; Media Cybernetics, Bethesda). Dendritic spines were counted by four independent investigators blind to the experimental groups, using the software IMAGE J (v1.44, National Institute of Health, Bethesda).
Data analysis
All variables (i.e., DC potential, ECoG, LDF signal and MABP) were simultaneously acquired, displayed live, and stored using a personal computer equipped with a dedicated software (AcqKnowledge 4.2 for MP 150, Biopac Systems, Inc., USA). Data analysis was assisted by the inbuilt tools of the software.
Raw LDF recordings were downsampled to 1 Hz and then expressed relative to baseline by using the average CBF value preceding the first evoked SD (100%) and the recorded biological zero obtained after terminating the experiment (0%) as reference points.
The hyperemic elements of the SD-related CBF response were characterized by the magnitude of hyperemia, which was expressed as peak amplitude with respect to baseline. Hyperemia duration was determined at half amplitude.
ECoG spectral power analysis was applied for individual frequency bands as described previously. 15 The parameters obtained were the following: (i) level of baseline (the mean spectral power for the 60-s interval preceding the onset of an SD); (ii) level of depression (the arithmetic mean between the endpoints of the downward and upward segments); (iii) duration of depression; and (iv) level of recovery (the mean spectral power for the 60-s interval following recovery). Along with the 30-week-old group (n ¼ 5), six of the youngest animals (7/8 weeks) with clean ECoG trace (i.e., minimal noise) were selected for the analysis.
In order to determine dendritic spine density, the spine count of 15-16 dendritic segments assessed in each animal was averaged, and, thereby, a single value was taken for each rat for further statistical analysis.
Data are given as mean AE stdev. The software SPSS (IBM SPSS Statistics for Windows, Version 22.0, IBM Corp.) was used for statistical analysis. A one-way analysis of variance (ANOVA) model was used for the evaluation of dendritic spine density, the SD-associated CBF response, baseline ECoG power, and the duration of SD-related ECoG depression. A two-way ANOVA paradigm was applied for the evaluation of data concerning the electric threshold of SD elicitation (factors: age and ischemia) and ECoG power during the SDrelated depression (factors: age and ischemia). A repeated measures ANOVA (factor: age) was used for the analysis of resting CBF, taken at selected time points over the course of experiments, and ECoG power variations over the course of experiments. Wherever appropriate, a Fisher post hoc test was used to reveal the differences between the experimental groups. Pearson two-tailed correlation analysis was carried out to test potential association between data sets. Levels of significance were defined as p < 0.05* and p < 0.01**.
Results
Preliminary screening of the acquired data sets revealed no age-related difference between the 7-10-week-old animals and the 12-16-week-old animals (inserts in Figure 3 (a)), therefore, three age groups were created by uniting the 7-10-week-old and the 12-16-week-old populations ( Table 1 ). MABP during baseline was statistically not different across groups (98 AE 4, 95 AE 3, and 107 AE 10 mmHg, 7-10-week-old, 12-16-week-old, and 30-week-old, respectively). Ischemia elevated MABP slightly but not significantly, without any notable impact of age (105 AE 5, 96 AE 4, and 114 AE 2 mmHg, 7-10-week-old, 12-16-week-old, and 30-week-old, respectively). Arterial blood gases were typically within the physiological range, with no significant effect of ischemia or age on either pCO 2 or pH. Arterial blood glucose concentration taken during baseline and late ischemia was similar (e.g., 9.23 AE 1.7 vs. 9.20 AE 1.2 mmol/l, ischemia vs. baseline in 7-10week-old) but significantly increased with advancing age (e.g., 11 .95 AE 1.6 vs. 10.08 AE 1.0 vs. 9.2 AE 1.2 mmol/l, 30-week-old vs. 12-16-week-old vs. 7-10-week-old during baseline).
SDs occurred reliably upon electric stimulation of the cortex. In a number of experiments (25 of 38), a single, spontaneous SD evolved immediately after ischemia induction ( Figure 1 ). The analysis of the DC potential signature of SDs demonstrated that the amplitude of spontaneous SDs (23.1 AE 7.8 mV) was statistically not different from SDs evoked during baseline (24.5 AE 3.8 mV) or ischemia (28.8 AE 5.8 mV). However, with spontaneous SDs, the duration at half amplitude of the DC shift was considerably longer-albeit with excessive variation (220.9 AE 316.0 s), as compared with SDs evoked during baseline (19.9 AE 5.1 s) or ischemia (80.7 AE 80.8 s). Such spontaneous events were not distinctively prevalent for any of the age groups, although only 2 of the 25 events were recorded in the 30-week-old group. Spontaneous SDs were not included in further data analysis.
The CBF response to SDs evoked was invariably hyperemic in all age groups under both baseline and ischemia. The CBF response to the first SD in each experiment differed from subsequent SDs in that hyperemia was often preceded by a short drop in CBF and was always followed by long-lasting oligemia.
Ischemia evolution and compensation for the reduction of cerebral blood flow after ischemia onset
In order to estimate how compensation for the reduction of CBF evolved following ischemia induction, CBF values were obtained prior to and shortly after ischemia onset, and in between SD events evoked during ischemia ( Figure 2 ). In the youngest, 7-10week-old group, CBF dropped to 18 AE 6% immediately after 2VO onset, recovered to 37 AE 12% before the elicitation of the first SD under ischemia, and was maintained over 30% throughout the ischemic period. In contrast, CBF fell to 11 AE 6% after ischemia induction, recovered to 20 AE 13% before initiation of the first ischemic SD, and remained at around only 20% in the 30-week-old group, implying significantly less efficient compensation in the 30-week-old group with respect to the 7-10-week-old group.
Electric threshold of SD elicitation
The electric threshold of SD elicitation was expressed as the lowest electric charge sufficient to trigger SD in the cortex (Figure 3(a) ). We chose to trigger SDs by electric stimulation as opposed to high concentration K þ application, because the electric charge delivered can be finely tuned. This offers the accurate estimation of the electric threshold of SD elicitation to uncover any fine variations between age groups of a few weeks difference.
In all age groups, the threshold of SD elicitation was significantly higher during ischemia, as compared with baseline. The initiation of SD required increasingly greater electric charge with older age during both baseline (4743 AE 1282 vs. 3076 AE 915 vs. 1661 AE 649 mC, 30week-old vs. 12-16-week-old vs. 7-10-week-old) and ischemia (8447 AE 1763 vs. 5343 AE 2170 vs. 2514 AE 1032 mC, 30-week-old vs. 12-16-week-old vs. 7-10-week-old). Finally, with advancing age, the threshold during ischemia progressively departed from the threshold determined for the respective baseline: in other words, the difference between ischemia and baseline thresholds was approximately five times greater in the 30-week-old as compared with the 7-10-week-old Next, we set out to determine any potential association between the electric threshold of SD elicitation and CBF or the cortex' SD-related electrical activity. Lower CBF taken prior SD elicitation predicted higher threshold of SD elicitation (r ¼ -0.403**) (Figure 3(b) ). The threshold of SD elicitation positively correlated with the duration of SD-related depression of the high frequency alpha and beta bands (r ¼ 0.373** and 0.478**, respectively) ( Figure 3(c) ) but not with the low frequency delta and theta bands (r ¼ 0.247 and 0.234, respectively). No association with any other ECoG variable (i.e., power of baseline, depression, or recovery) emerged.
Density of dendritic spines
We set out to test the hypothesis that the increase in the threshold of SD elicitation due to brain maturation is determined-at least in part-by the dynamic structural development of the cortex, reflected by the morphological plasticity of dendritic spines. The animals admitted to the analysis were naive (i.e., neither ischemia nor SD was induced prior to sampling), therefore, potential dendritic spine density changes due to ischemia or SD propagation were not studied.
Dendritic spines on second-or third-order dendritic branches of layer 3 pyramidal neuronal apical dendrites were investigated (Figure 4(a) ). In general, dendritic spines tended to be arranged in clusters rather than individually and appeared to be larger and more complex in shape in the 30-week-old group than in the 8-week-old group (Figure 4(b) ). Dendritic spine density significantly increased in the 30-week-old group with respect to the 8-week-old group (55 AE 4 vs. 51 AE 2 spines/50 mm dendritic segment, 30-week-old vs. 8-week-old) (Figure 4(c) ).
Features of the cerebral blood flow response associated with SD
For the evaluation of the SD-associated CBF response, SDs were sorted into three distinct categories: (i) SD1, (ii) subsequent SDs evoked during baseline, and (iii) SDs initiated under ischemia ( Figure 5(a) ).
As presented in Figure 5 (b), CBF prior to the onset of baseline SDs was 10-15% lower than that prior to SD1 in all age groups (e.g., 90 AE 30 vs. 102 AE 12%, baseline SDs vs. SD1 in 7-10-week-old). The CBF . Data are represented as mean AE stdev. For the evaluation of statistical significance, a two-way ANOVA paradigm considering age and ischemia as its factors was followed by a Fisher post hoc test for age. Level of significance for the ANOVA was defined as p < 0.01**, and for the post hoc test as p < 0.01 ## , vs. 7-10 week-old and p < 0.05 þþ , vs. 12-16 week-old. (b) Negative correlation between the electric threshold of SD elicitation and CBF prior SD evolution; each evoked SD was considered for the analysis. Pearson two-tailed correlation analysis including all age groups as one data pool indicated significant association between the threshold and CBF (p < 0.01**). (c) Correlation between the electric threshold of SD elicitation and the duration of SD-related depression on the beta frequency band of the ECoG. Data acquired from animals selected for ECoG spectral analysis are shown. Pearson two-tailed correlation analysis revealed significant association between the data sets (p < 0.01**).
response with SDs under ischemia took off from a markedly lower level (39 AE 15 and 38 AE 11%, 7-10week-old, and 12-16-week-old, respectively), especially in the 30-week-old group (23 AE 14%). The SD-associated hyperemia peaked at around 160-170% in all age groups during baseline (i.e., 163 AE 45, 160 AE 61, and 170 AE 69%, 7-10-week-old, 12-16-week-old, and 30-week-old, respectively), approximately 20-30% higher than with SD1 (129 AE 23, 131 AE 17, and 149 AE 24%, 7-10-week-old, 12-16-week-old, and 30week-old, respectively). During ischemia, the peak amplitude of the CBF response reached a considerably lower level (59 AE 23 and 61 AE 18%, %, in 7-10-weekold, and 12-16-week-old, respectively) with the lowest value measured in the 30-week-old group (39 AE 22%). Conspicuously, in the 30-week-old group, the CBF response with ischemic SDs set off from the lowest CBF level and reached the lowest peak (not even exceeding the resting CBF prior to SD elicitation in the 7-10-or the 12-16-week-old groups) ( Figure 5(b) ), although with no statistically significant reduction with respect to the younger age groups. Figure 5 (c) shows that the duration of the SDrelated CBF response was shortest with SD1 (30 AE 12, 33 AE 7, and 39 AE 23 s, 7-10-week-old, 12-16-week-old, and 30-week-old, respectively), increased with subsequent SDs elicited during baseline (58 AE 14, 56 AE 11, and 50 AE 10 s, 7-10-week-old, 12-16-weekold, and 30-week-old, respectively), and more than doubled with SDs triggered under ischemia (154 AE 61, 137 AE 68 and 150 AE 52 s, 7-10-week-old, 12-16-week-old and 30-week-old, respectively). No impact of age on the duration of the SD-associated CBF response was observed.
Spectral analysis of the distinct ECoG frequency bands
Baseline ECoG power was assessed at the very beginning of the experiments, prior to any intervention, to test whether anesthesia affects the two age groups differently. No age-related difference was observed concerning any of the frequency bands studied ( Figure  6(a) ). ECoG power repeatedly sampled prior to SD events demonstrated that ischemia itself imposed a considerable power decrease on the overall ECoG, which was particularly prominent after the passage of the first SD evoked under ischemia. This is illustrated in Figure 6 (b) for the theta band.
The novel findings of spectral analysis concerned the SD-related transient depression of the ECoG. Although the power of the four frequency bands during depression was similar under baseline and ischemia (i.e., ischemia exerted no impact), the selectively greater power of the alpha and theta bands in the 30-week-old group as compared with the 7/8-week-old group (e.g., theta band: 0.005 AE 0.003 vs. 0.0025 AE 0.001 V 2 , 30-week-old vs. 7/ 8-week-old) indicated incomplete depression of these two bands with the maturation of the brain, under both baseline and ischemic conditions ( Figure 6(c) ).
As expected, ischemia considerably extended the duration of ECoG depression on all four frequency bands (e.g., alpha band in the 7/8-week-old: 271 AE 126 vs. 139 AE 40 s, ischemia vs. baseline). Curiously, during baseline, the lower frequency delta and theta bands started to recover from the SD-related depression sooner than the higher frequency alpha and beta bands in the 30-week-old group, in contrast with the 7/8-week-old group (e.g., duration of theta band: 123 AE 52 vs. 132 AE 34 s, 30-week-old vs. 7/8-week-old) ( Figure 6(d) ).
The duration of the SD-related ECoG depression appeared to be associated with the SD-coupled CBF response: the relative peak of SD-associated hyperemia correlated negatively with the duration of ECoG depression on all four frequency bands, as illustrated for the theta band in Figure 6 (e) (r ¼ -0.550**). At the same time, the longer duration of hyperemia was strongly linked to the longer duration of ECoG depression on all four frequency bands, being most prominent on the delta and theta bands (r ¼ 0.733** and r ¼ 0.703**, respectively) ( Figure 6(f) ).
Discussion
Relevance of the findings to human brain injury Recurrent SDs spontaneously occur in patients of subarachnoid hemorrhage, ischemic stroke, and traumatic brain injury. [1] [2] [3] The findings of the present study can be interpreted in the context of both ischemic and traumatic brain injury for the following reasons. We studied the brain's susceptibility to SD under two conditions: (i) in the intact and (ii) in the ischemic brain. The results obtained under ischemia are proposed to be relevant to cerebral ischemia evolving in patients of stroke or subarachnoid hemorrhage. The experiments done in the intact brain have revealed that increasing age, by itself, has a significant effect on the elicitation threshold of SD. Thus, the agerelated overall susceptibility of the brain to SD may be a factor to determine the frequency of SD occurrence in any pathophysiological condition, traumatic brain injury being one of them.
In the present study, we relied on electric stimulation to elicit SDs and quantify the electric threshold of SD elicitation with precision. Yet, in the injured brain of patients, SDs occur spontaneously. The exact conditions that give rise to SD generation under ischemia are not absolutely clear but worsening oxygen supply-demand mismatch as a result of somatosensory activation, episodic hypoxemia, or hypotension has been shown to promote SD occurrence. 20 Taken together, the risk of SD occurrence in the injured brain must be dependent on a combination of several factors, such as the severity of ischemia, insufficiency of oxygen delivery, and, as proposed here, the brain's age-related susceptibility to sustain SD. Our argument is also supported by a previous study of ours showing that spontaneous SDs occur significantly less likely in the aged ischemic brain with respect to the young. 16 Figure 5 . Quantitative analysis of the CBF response associated with SD. (a) Schematic drawings depicting the variables under study: CBF response to SD1, subsequent SDs during baseline (baseline SDs), and SDs evoked during ischemia (ischemic SDs). CBF level prior SD elicitation, peak amplitude, and duration at half amplitude were evaluated. (b) Peak CBF amplitude (bars) respective to CBF baseline prior SD elicitation (base of bars). (c) The duration of hyperemia at half amplitude. Data are expressed as mean AE stdev. For the evaluation of statistical significance, a one-way ANOVA paradigm followed by a Fisher post hoc test was used for each age group. Level of significance for the ANOVA was defined as p < 0.01**, and the F-values are given in each bar chart. Level of significance for the post hoc analysis is indicated as p < 0.05* and p < 0.01** vs. SD1; and p < 0.01 ## vs. baseline SDs.
Life span targeted
The present study aimed at investigating the electric threshold of SD elicitation and the evolution of the SDcoupled hemodynamic response in 7-30-week-old rats, with or without cerebral ischemia. This life span corresponds to human adolescence and young adulthood. 21 The interpretation of the age-related aspects of the results with respect to previous reports is challenging: Studies on cerebral ischemia, which tackle the issue of age focus mainly either on the very early phase of life (i.e., birth and maturation) or old age (i.e., aging). The data presented here, therefore, may shed light on significant neurophysiological changes that take place during young adulthood. Figure 6 . Spectrum analysis of the ECoG for individual frequency bands during SD events. (a) ECoG power of each frequency band, for 60 s baseline at the very start of the experimental protocol, prior to any intervention. No significant difference between age groups was observed, for any of the frequency bands examined (one-way ANOVA). Note that the weight of low frequency bands in the spectrum is greater than that of higher frequency waves, which mainly reflects an inherent feature of ECoG spectra. Because the ECoG frequency bands represent a power spectrum, their values will vary exponentially, meaning the lower-frequency bands will have exponentially greater values than the higher-frequency bands. (b) Baseline ECoG power of the theta band, assessed repeatedly prior to events, in order to follow the distribution of baseline over the course of the experimental protocol. The first pair of symbols corresponds with theta in Panel A. Repeated measures ANOVA revealed that the ECoG power of baseline decreased, especially during ischemia, irrespective of age. (c) ECoG power of distinct frequency bands, calculated for the period of SD-related ECoG depression. The power of individual frequency bands is represented by bars positioned behind each other. Two-way ANOVA considering age and ischemia as its factors revealed that age significantly elevated the power of the alpha and theta bands selectively, irrespective of ischemia. Level of significance was defined as p < 0.05* and p < 0.01**. (d) Duration of ECoG depression with SDs evoked under baseline condition. The low frequency bands start to recover significantly sooner than the high frequency bands in the 30-week-old group (one-way ANOVA followed by a Fisher post hoc test, p < 0.05 # vs. alpha, p < 0.05* and p < 0.01** vs. beta). (e) Negative correlation between the duration of the SD-related depression on the theta band of the ECoG, and the relative peak of SDcoupled hyperemia. Pearson two-tailed correlation analysis revealed significant association between these data sets (p < 0.01**). (f) Positive correlation between the duration of the SD-related depression on the theta band of the ECoG, and the duration of SDcoupled hyperemia. Pearson two-tailed correlation analysis indicated significant association between the data sets (p < 0.01**).
Electric threshold to elicit spreading depolarization
Our recent studies have demonstrated that the threshold of SD elicitation increases with age: In the intact cortex, K þ -induced, recurrent SDs occurred less frequently in 10-month-old rats as compared with their 2-month-old counterparts, 18 and increasing concentration of K þ was required to evoke SDs in 2-year-old as compared with 2-month-old rats. 15 In addition, spontaneous SDs in the ischemic cortex of 2-year-old rats emerged less likely with respect to 9-month-old animals. 16 These findings urged us to determine at what exact age the threshold of SD elicitation starts to rise, especially in ischemic tissue.
Our present data clearly demonstrate that the electric threshold of SD elicitation markedly increases with ischemia as well as with the progression of lifetime during early adulthood (Figure 3(a) ). Furthermore, the ischemia-related threshold elevation is increasingly more obvious with older age.
The ischemia-related increase of SD threshold may be the result of the metabolic state of the tissue, as indicated by the correspondence between lower CBF taken prior to evoking an SD with a higher electric threshold of SD elicitation (Figure 3(b) ). The availability of glucose or the level of tissue pH may reflect tissue metabolic conditions. As such, high concentration of blood glucose (23-24 mmol/l) was shown to make the tissue resistant to SD in rats. 22 Yet, our data on blood glucose level indicated normoglycemic conditions (blood glucose concentration around 9-11 mmol/l) in all age groups and revealed no difference between baseline and late ischemia. Therefore, we suspect that factors other than the availability of glucose must determine the ischemia-related inhibition of SD elicitation as seen here. Indeed, a study relying on live brain slices proved that tissue acidosis (i.e., pH 6.67-6.97, achieved by the elevation of pCO 2 or withdrawal of bicarbonate) inhibited the induction and propagation of K þ -induced SD. 23 Decreasing pH possibly hampers SD propagation by inhibiting the activity of NMDA receptors. 24 Tissue acidosis is widely accepted to prevail in cerebral ischemia; 2VO as imposed here shifts extracellular pH in the rat cerebral cortex from pH 7.3 to as low as pH 6.8 (our own measurements in the model used here). Therefore, we suggest that the ischemia-related fall of tissue pH could be a key factor in raising the threshold of SD elicitation as observed here. Finally, increased K þ conductance and the gradual accumulation of extracellular K þ that occur during ischemia generally contribute to membrane hyperpolarization and repolarization thereby depressing neuronal excitability. 25 This ionic imbalance may effectively inhibit SD elicitation as well.
The increased threshold of SD elicitation with advancing age during early adulthood may be linked to structural changes in neuronal networks, which may alter the electrophysiological properties of the nervous tissue. The formation and retraction of dendritic spines that host the post-synaptic element of excitatory synapses dynamically changes with brain maturation 26 and aging, 27 is heavily involved in SD propagation, 28 and is negatively affected by SD. 29 Therefore, we set out to determine the dendritic spine density in the youngest and the oldest animals admitted to our study to contemplate on any potential link between age-related structural changes in the cortex, and the threshold of SD elicitation. Our results exhibited an increased density of dendritic spines on the apical dendrites of cortical layer 3 pyramidal neurons at 30 weeks of age with respect to 8 weeks of age (Figure 4) , proving that the histological organization of the cortex undergoes detectable alterations during the life span investigated in this study. Even though a direct link between such fine structural changes and the excitability of neurons is challenging to establish, we speculate that the threshold of SD elicitation may increase with age during early adulthood because of the histological (and connected biochemical) maturation or consolidation of cortical connections.
CBF compensation following ischemia induction and CBF response to SD
Vascular occlusion is immediately followed by a sharp drop of perfusion pressure below the autoregulatory range and a marked reduction of CBF causing ischemia. In turn, the reduced level of ATP opens K ATP channels on vascular smooth muscle cells, causing hyperpolarization and thus vasodilation. In addition, hypoxia rapidly increases adenosine production locally, also promoting vasodilation. 30 This, together with compensating collateral flow or vascular remodeling contributes to a partial recovery of perfusion. 31 Our previous work focusing on aging demonstrated that the ischemiarelated perfusion deficit progressively deepened-rather than partially recovered-in the brain of 2-year-old animals as opposed to young adults in global and focal ischemia models. 15, 16 Here, we show that the impairment in flow compensation becomes first detectable as early as 30 weeks of age in the Sprague-Dawley rat (Figure 2 ). Taken the young adult age screened here, declining CBF compensation is suspected to root in altered vasoreactivity, rather than an age-related rarefaction of collateral vascular networks. 32 Possibly, altered characteristics of K ATP channel opening, ineffective adenosine signaling or restricted NO availability could potentially account for the less efficient flow compensation shortly after ischemia onset in our oldest age group.
The present results on the kinetics of the SD-related CBF response confirmed that the amplitude of hyperemia decreased, while the duration of hyperemia increased under ischemia in the young adult brain. 15, 33 Nevertheless, inverse neurovascular coupling, as encountered frequently in the aged ischemic brain earlier, 15, 16 did not evolve. Instead, an augmented, ischemia-related insufficiency of the SD-related CBF response was implied in the 30-week-old animals by the lowest absolute peak of the SD-associated hyperemia under ischemia ( Figure 5(b) ). Clearly, the failing flow compensation to ischemia set the scene for the reduced absolute amplitude of hyperemia in the 30week-old group. At the same time, the relative amplitude of hyperemia appeared similar across age groups. Taken together, we conclude that neurovascular coupling during SD was impaired by ischemia, but this impairment was not enhanced by increasing age in young adult rats.
Distinct features of the ECoG power spectrum
Our data demonstrate that the alpha and theta frequency bands are less depressed during SD in the 30week-old group as compared with the 7/8-week-old group (Figure 6(c) ). ECoG was acquired through a glass capillary electrode inserted into the cortex, also used for the recording of the DC potential. The ECoG signal, therefore, represented a local field potential that contains both action potentials and other membrane potential-derived fluctuations in a small neuronal volume, approximately within a few hundred micrometers from the electrode tip. 34 A very important factor determining the ECoG signal as recorded here is the cellular-synaptic architectural organization of the neuronal network. 34 Here, we show that the dendritic spine density, for example, is age-dependent in young adulthood. It is thus conceivable that the age-related alterations of dendritic geometry may impact on selective frequencies of the ECoG power during the SDrelated depression, which might be represented in the less obvious depression of given frequency bands ( Figure 6(c) ).
The duration of SD-related depression appeared shorter specifically on the delta and theta bands in the 30-week-old group, as compared with the 7/8-week-old group (Figure 6(d) ). This suggests that the electrical activity in the low frequency range resumed sooner after the passage of SD at older age. These data are in full agreement with our previous report showing that the SD-related silence of the full ECoG is shortened in 10-month-old as compared with 2-month-old rats. 18 Earlier, we speculated that the shorter ECoG depression with SD in the older animals could indicate the involvement of fewer neurons at any given time during SD propagation, thereby creating a narrower wave of depression. Taken that the low frequency component of the ECoG is thought to arrive at the tip of the recording electrode from more distant sites, 34 the current data showing the shorter depression of the low frequency ECoG components support the concept of a narrower SD-related depression wave with older age.
The duration of ECoG depression appears to be associated with the features of the SD-coupled CBF response. The present correlation analyses demonstrate that a larger peak of SD-related hyperemia coincides with shorter depression of the ECoG (Figure 6(e) ). This is complementary to previous reports describing that deeper initial hypoperfusion of the CBF response coincides with longer ECoG depression, 18 and that longer duration of the initial hypoperfusion corresponds with longer DC shift duration with SD, in experimental models, as well as in patients of aneurysmal subarachnoid haemorrhage. 35, 36 Taken together, a more prominent dilator component in the CBF response (i.e., smaller magnitude of initial hypoperfusion or larger amplitude of hyperemia) appears to facilitate the faster return of the cortex' electrical activity after the passage of SD.
Longer ECoG depression with SD was also associated with longer hyperemia (Figure 6(f) ). Likewise, longer duration of the DC shift indicative of SD coincided with longer hyperemia. 15 Since the recovery of resting membrane potential and thus normal electrical activity of the nervous tissue require the activity of the ATP-consuming Na þ pump, 4 the return of CBF to baseline after hyperemia may be postponed by the continuing energy need, reflected by the longer duration of the electric silence with SD.
Conclusions
Recurrent SDs occur in ischemic and traumatic brain injury at high incidence and are thought to usher the expansion of tissue damage. 1, 2, 4, 37, 38 The data presented here reveal that the susceptibility of the nervous tissue to SD is highest at adolescent or young adult age; yet, the prospect of successful recovery from ischemic or traumatic brain injury is considerably better for young as compared with old patients. 39, 40 These pieces of information would be apparently conflicting if all SDs possessed equally injurious potential.
Researchers now agree that SDs coupled with spreading ischemia promote lesion progression. 4 Yet, individual SDs with hyperemic CBF response have not been explicitly proven either harmless or injurious in tissue at risk, especially because the SD-coupled CBF response, which appears hyperemic at the site of detection might turn into spreading ischemia as it propagates in areas not screened. Further, even though the longer cumulative duration of recurrent SDs was associated with the expansion of tissue damage in focal ischemia, 11 this does not directly infer that the longer cumulative duration is the outcome of a higher number of eventsindeed, the duration of individual SD events can vary considerably. 4 Finally, we have previously demonstrated that although only a few SDs occur spontaneously in the aged ischemic brain, these events cause more damage than a higher number of SDs in the young brain, as indicated by a remarkable delay of repolarization after SD and the associated evolution of perfusion deficit. 16 Taken together, the low threshold of SD elicitation indicates the brain's high susceptibility for SD generation at young age, but it may not directly put the tissue at higher risk for SD-related injury. This notion needs to be explored further in subsequent experimental and clinical studies.
